Introduction
The possibility of a hot oxygen geocorona was originally discussed by Rohrbaugh and Nisbet [1973] . They calculated the flux of energetic atoms resulting from the dissociative recombination of O2 + and NO + in the F region of the Earth's ionosphere, and found that the hot atoms can ascend to altitudes of several thousand kilometers and can travel horizontally to distances of the order of the Earth's radius. energy is made available to the translational energy of the two atoms that would then both be hot. The atomic nitrogen atoms may also be produced with translational energy of ~0.1-2 eV [e.g., Shematovich et al., 1991 ] The calculations of Richards et al. [1994a] have demonstrated that quenching of metastable species constitutes a significant source of hot oxygen. For the low-latitude, daytime, wintertime, low magnetic activity, and high solar activity conditions considered by them, some of the most significant new sources of hot oxygen were found to be due to reactions involving quenching of O+(2D), O(1D), N(2D), O+(2P), and vibrationally excited N 2 by atomic oxygen. The kinetic energy production rates due to some of these reactions were found to exceed, by a factor of 10, those due to previously considered 02 + and NO + dissociative recombination reactions.
The existence of a substantial hot oxygen geocorona is of importance to our understanding of the Earth's atmosphere for several reasons. These include the maintenance of the nighttime ionosphere, the escape flux of He, and energetic ion populations in the plasmasphere. The hot O could help to explain the maintenance of the nighttime ionosphere by increasing the rate of conversion of plasmaspheric H + into O +. At night, H + settles out of the plasmasphere into the topside ionosphere and charge exchanges with atomic oxygen. The O + then diffuses down to help preserve the nighttime F region ion density. Current model calculations, which include ionosphere-plasmasphere coupling, indicate that the flux from the plasmasphere is not sufficient to maintain the ionospheric densities at the observed levels [Richards et al., 1994b] . The existence of enhanced O densities in the topside ionosphere at night would lead to faster conversion of I-I + to O + and help to maintain the F region at the higher observed densities.
Another possible effect of the hot O geocorona could be to enhance the escape of He atoms from the atmosphere by increasing the population of the high-energy tail of the distribution through collisional energy exchange. The higher exospheric total O density implied by the hot O would also directly increase the He escape flux through charge exchange with atomic oxygen, as has been suggested by Lie-Svendsen et al. [1993] . Thus hot O could help to explain the well-known discrepancy between the He outgassing rate and the Jeans escape flux. Finally, the existence of a significant hot O population in the plasmasphere coupled with charge exchange with H + could also enhance the population of plasmaspheric O + as well as the heating of plasmaspheric ions.
Experimental evidence for the hot oxygen geocorona has been presented by who made twilight measurements of the O+(2P) 7320-A emission. Their measurements indicated a hot oxygen density of up to 106 cm '3 at 550 kin. Further experimental evidence was supplied by Hedin [1989] . He inferred hot oxygen densities of 1 to 3xl 04 cm '3 at 1100 km for low to moderate solar activities by comparing the satellite drag based (Jacchia) model and the mass spectrometer based (MSIS) model. The satellite drag model assumes that the high-altitude atmosphere consists entirely of helium, while the MSIS model uses information on the composition. The models agree well in winter but are very different in summer, and this difference was attributed to the existence of a hot oxygen geocorona. When extrapolated to 550 kin, these inferred densities are in accord with those inferred by Yee et al. [1980] . More recently, Cotton et al. [1993] have inferred a substantial hot O population from a sounding rocket measurement of the ultraviolet atomic oxygen dayglow.
The hot oxygen production rates of Richards et al.
[1994a] were calculated for one very specific set of geophysical conditions. The objective of the present study is to determine the variations in these sources of hot oxygen with varying geophysical conditions. The layout of this paper is as follows.
First, the numerical model on which the results are based, as well as our assumptions, are discussed in section 2. The results are discussed in three subsections within section 3. Diurnal variations, then latitudinal variations, followed by seasonal and solar cycle variations, are discussed in the first, second, and third subsections, respectively. A discussion of these results is presented in section 4, followed by the conclusions in section 5.
Model
The hot oxygen production rates are calculated by using the field line iInterhemispheric plasma (FLIP) transport model [Richards et al., 1994b] We have identified a total of 27 possible sources of hot oxygen. They are listed in Table 1 and are taken from Rees [1989] . The two right-hand columns in Table 1 Table 1 involving molecular products due to their possible vibrational excitation. However, the uncertainties associated with this precludes our doing so, and we simply note that for some of those reactions involving molecular products the exothermicities employed here may be overestimated by as much as approximately 50% and they therefore represent an upper limit. For some of the reactions involving only monatomic products, the possibility that one of the atoms is electronically excited would also imply that the exothermicity is overestimated. This may be the case for reactions (8) and (15), for example, in which O+(2D) and N(2D) may be formed, respectively. We do not consider electronic excitation of atomic products here, but again note that we may be overestimating the exothermicity for some of these reactions.
Reactions (1) Newton et al. [1974] . We assume that quenching is to the ground vibrational level, which is unlikely for v > 2, and implies that our results for this reaction constitute an upper bound for the production of hot O kinetic energy.
In this study we are primarily interested in comparing the new sources of hot oxygen with the previously known sources (reactions (1) to (5)) in order to demonstrate the potential importance of these new sources. We emphasize that it is the local production of hot oxygen that is calculated here. The final dis-tribution of hot oxygen atoms will depend on collisions and transport, and its calculation is beyond the scope of this paper. Transport, primarily responsible for populating the exosphere, becomes more important in the vicinity of the exobase where the mean free path of an O atom becomes comparable to its scale height. The height of the exobase is highly variable, having diurnal, seasonal, and solar cycle variations. In the results soon to be described, we find that the daytime exobase height ranges from about 370 km for low solar activity to about 520 km for high solar activity. Transport will become important within about a scale height (-•50-80 kin) of the exobase, which for the conditions just described will be somewhere above approximately 320 km to 440 kin. At lower altitudes where collisions are more frequent, the hot O will be quickly thermalized, and will primarily contribute to the local thermospheric heat budget without contributing to the hot O geocoronal population. For this reason, we place more emphasis on the high-altitude production of hot O. For completeness, however, we present results for all altitudes.
Results
The The FLIP model calculates the metastable species' densities, assuming that local chemical equilibrium prevails. This is a good assumption at low altitudes, but breaks down at high altitudes where collisions are infrequent and transport becomes important. Therefore we do not present hot O production rates for altitudes above approximately 520 km. For the remainder of this paper, we will represent the hot O number density production rate due to each reaction by •. and the hot O kinetic energy production rate due to each reaction by C.
Diurnal Variations
The hot O production rates were calculated for summer (day , ,.,,,•1 , ,', ,•,,,i "., . , ..... , ",, Thus, while hot O production is increased at the midlatitude due to increases in the roetastable species densities, there is little latitudinal variation in hot O production due to ion dissociative recombination because the effects of an increase in ion density are counteracted by the effects of a decrease in the electron density.
Seasonal and Solar-Cycle Variations
In this section, the production of hot O was calculated for daytime (LT • 12.88 hours), low-latitude (18øN) conditions, for quenching of Nf (reactions (24) to (27)), may not appear in the following figures. However, these sources will be given due consideration later in this section. Again, we concentrate on the hot O kinetic energy production rates (C) because these are generally of more aeronomical significance.
The hot O kinetic energy production rates (C) are shown in Figure 8 (25)) is only a significant source of 8 at high solar activity and is more important at altitudes below about 375 km. It is not a significant source at low solar activity. We find that the hot O kinetic energy production rates at high altitudes increase with increasing solar activity for both summer and winter. However, an important result discovered here is that for a fixed level of solar activity these production rates are larger in winter than in summer. This seasonal variation in the production of hot O kinetic energy is due to the seasonal variation in the new, metastable sources of hot O considered here. In contrast, the production rates due to the dissociative recombination reactions shown in Figure 8 are smaller in winter than in summer for a given level of solar activity.
In addition to examining the hot O kinetic energy production rates, it is also of interest to examine the energy distribution of the hot O sources. As previously stated, the energy partitioning of the reaction products was calculated following conservation of energy and momentum principals, and provided us with the hot O source kinetic energy for each reaction as provided in the right-hand column of Table 1 . These energies lay in the range of about 0.18 to 4.35 eV. Energy spectra were deftned by using 22 energy bins ranging from 0 to 4.4 eV, each bin being 0.2 eV wide. For each energy bin the total hot O number density production rate was calculated by summing the individual hot O volume production rates for all reactions contributing energy to that bin. Then the energy spectrum was normalized by dividing the hot O production rate for each bin by the total hot O production rate. These normalized hot O kinetic energy source spectra were generated at every altitude. Note that these spectra, by definition, are independent of the total hot O production rate at any altitude.
We present results for the seasonal and solar cycle variations of the hot O kinetic energy source spectra in Figure 9 . We have trimcared the spectra at 3.6 eV because at higher energies the relative production rates are generally rather small and uninteresting. The only reactions that create hot O more energetic than 3.6 eV are reactions (18) (4.35 eV), (19) (3.24 eV), and (23) (3.58 eV). Of these, the most important is reaction (18). However, even for this reaction the relative production rates only become discernible at altitudes near 500 km during summer, being negligible otherwise. Figure 9a shows the normalized hot O kinetic energy source spectra as a function of altitude for winter and low solar activity. A number of features are evident. First, the energy source is not distributed uniformly, but is of course discrete. At the lowest altitudes an appreciable fraction (---55%) of the hot O appears to be created with energies below 0.2 eV (due mainly to reaction (24) with some due to reaction (1)). At these altitudes there is a small fraction of hot O created with energies between 0.2 and 0.4 eV (due to reaction (25)), about 30% created with energies between 0.8 and 1.4 eV (due mainly to reactions (12), (6), and (2)), with the remaining between 2.0 and 3.6 eV (due mainly to reactions (16), (4), (8), and (3)). Proceeding to higher altitudes, the lowest-energy sources (reactions (24) and (1)) decrease and become small by 500-km altitude. Between 0.8 and 1.0 eV, hot O production rates (mainly due to reaction (12) at higher altitudes) increase with increasing altitude (relative to the total), reaching a maximum in the vicinity of about 400-km altitude, and decreasing thereafter. Hot O production rates at energies between 1.0 and 1.2 eV increase (relative to the total) with increasing altitude, peaking near 300 km, and decreasing again thereafter. Hot O production rates at energies between 1.6 and 1.8 eV (due to reaction (9)) increase dramatically (relative to the total) with increasing altitude, and totally dominate the hot O spectnun at high altitudes (see also Figure 8a ). However, one needs to be reminded that at altitudes above about 400 km the total hot O production rates become small under these low solar activity conditions. For the remaining energies, hot O production rates either decrease or remain approximately constant with increasing altitude. Figure 9b shows the normalized hot O kinetic energy source spectra as a function of altitude for winter and high solar activity. At low altitudes the spectrum is dominated (---80%) by the lowest energies available to hot O production (0.19 eV) due to reaction (24). Hot O production rates at this low energy decrease slowly with increasing altitude, and still make a significant contribution to the spectrum at the highest altitudes. At the lowest altitudes, reaction (25) is responsible for producing about 10% of the hot O with energies of 0.38 eV. The relative production rates at this energy initially increase slightly with increasing altitude, and then decrease at the highest altitudes. Hot O production rates between 0.8 and 1.0 eV (reactions (7) and (12)) increase dramatically with increasing altitude, dominating the spectrum at the highest altitudes. The large increase in the normalized hot O production rates at energies of 1.6 to 1.8 eV (reaction (9)) seen at high altitudes and low solar activity (Figure 9a) is not as pronounced at high solar activity ( Figure  9b ). This can also be seen by comparing Figure 8a with Figure   8b . Figure 9c shows the normalized hot O kinetic energy source spectra as a function of altitude for summer and low solar activity. At low altitudes the low-energy portion of the spectrum resembles that shown in Figure 9a . For energies between 0.6 and 0.8 eV there is a large increase in the normalized hot O production rates with increasing altitude due to the increased importance of reaction (10); these energies dominate the spectrum above about 500-km altitude (recall, however, that at high altitudes the total hot O production rates are very small under low solar activity conditions). Between 0.8 and 1.2 eV, normalized hot O production rates increase, due mainly to reactions (12) and (6). Between 1.2 and 1.4 eV, normalized hot O production rates due to reaction (2) remain approximately constant with increasing altitude up to about 300-km altitude, and decrease slowly thereafter. There is an increase at the highest altitudes in normalized hot O production rates for energies between 1.6 and 1.8 eV (reaction (12)) that are not as pronounced as those for winter at low solar activity (Figure 9a ). At energies between 2.0 and 2.6 eV, normalized hot O production rates are similar to those for winter and low solar activity, with the exception of a noticeable local maximum near 400 km for energies between 2.4 and 2.6 eV due to reaction (4) (see Figure 8c for a comparison) . Figure 9d shows the normalized hot O kinetic energy source spectra as a function of altitude for summer and high solar activity. The spectrum is dominated by low energies at all altitudes. Examination of Figure 3 reveals that at the lowest energy, hot O is produced dominantly by reaction (24) at the lowest altitudes, and equally by reactions (1) and (24) at higher altitudes. Except at the highest altitudes, reaction (24) produces more hot O than most of the remaining reactions.
Summarizing these results, we can see that at low altitudes the hot O energy source spectra are dominated by the lowestenergy reaction (24) (reaction (1) becomes important at higher altitudes). This is accentuated during high solar activity, where the dominance extends to higher altitudes. During summer and high solar activity, the increased importance of the dissociative recombination of NO + (reaction (1)) at high altitudes causes the hot O energy source spectrum to be dominated by the lowest energy at all altitudes. The hot O source spectral characteristics at first glance appear to be dominated by solar cycle variations, with the normalized spectra in Figure 9a Table 1 whenever production of molecules and O atoms occurs. However, these considerations lie beyond the scope of this paper. We also note that there is some uncertainty regarding the values of some of the reaction rates, particularly those for reactions (7), (8), and (9).
Our studies of seasonal and solar cycle influences on hot O production were limited to low-latitude conditions. We did examine the latitudinal dependence of hot O production and found some significant variations. For example, while the production rates of hot O due to the dissociative recombination reactions of NO + and 02 + changed very little with increasing latitude, those due to most of the reactions involving quenching of roetastable species and quenching of N2* increased several fold at higher latitudes (earlier, we explained these latitudinal variations in production rates of hot O as being a natural consequence of latitudinal variations in both the neutral and ion densities). However, these latter calculations were only performed for summer, moderately high solar activity conditions. These facts suggest that we may have underestimated the importance of some of these new sources of hot O by not examining their seasonal and solar cycle variations at the higher latitude. Nonetheless, the importance of these new sources of hot O, established by Richards et al. [1994a] for one very specific set of geophysical conditions, has been generalized here to a wide range of geophysical conditions, while their variability has been quantified.
Finally, we note that in the absence of collisions and for a given suitable trajectory, a hotter oxygen atom will rise to a larger distance above the exobase than will a cooler oxygen atom. Thus we might expect the hotter O atoms to contribute more in the time average toward the hot O geocoronal population. In principal, an oxygen atom having a kinetic energy of 1 eV at the exobase can rise to almost 700 km above the exobase. Using this value with the net exothermicities presented in Table 1 allows determination of the distances above the exobase to which hot O may rise. However, as previously discussed, it is the local production of hot O and not its subsequent transport that we have considered here.
Conclusion
We have investigated the importance of 22 new sources of hot oxygen in the thermosphere and compared them with the previously known sources involving dissociative recombination + of NO + and 02 . A detailed study to ascertain the diurnal, latitudinal, seasonal, and solar cycle variations of these sources of hot O has been performed.
We find that quenching of roetastable species is a significant but highly variable source of hot oxygen for the exosphere. Under some conditions (e.g., winter, high solar activity), the kinetic energy production rates due to some of these new sources were found to exceed, by a factor of 10, those due to the previously considered 02 + and NO + dissociative recombination Although diurnal variations in hot O production rates are large, the relative importance of the various sources appears to change little between day and night. The only exception to this is the source due to reaction (12) ( Table 1) , which decreases to an insignificant level at night. By contrast, the relative importance of the various hot O sources has a large latitudinal dependence. Although the sources due to the dissociative recombination reactions (1) to (3) change little between the two latitudes considered, those due to the new sources generally increased several fold toward the higher latitude.
Seasonal variations in total hot O production rates appear to be small, although the seasonal variations in the relative importance of some of the individual sources can be large. The largest variations both in total hot O production and in the relative importance of the individual sources are due to solar cycle variations. Total hot O production is increased by approximately 2 orders of magnitude between solar minimum and solar maximum. However, the hot O is produced substantially cooler at high solar activity compared to that at low solar activity.
